There is increasing evidence that 3 -UTRs (3 -untranslated regions) of mRNAs contain regulatory elements that have important roles in post-transcriptional control of gene expression. For example, 3 -UTRs are important in determining mRNA localization and directing selenocysteine insertion during selenoprotein synthesis. Metallothionein mRNA is localized around the nucleus and associated with the cytoskeleton; this is determined by the 3 -UTR. Deletion and mutagenesis studies are defining the nature of the signal. Incorrect mRNA localization prevents subsequent nuclear localization of metallothionein protein and affects its function. Selenium (Se) is incorporated as selenocysteine into approx. 30 mammalian proteins by a mechanism that requires a specific structure within the 3 -UTR of the corresponding mRNAs. When Se supply is low the effect on selenoprotein expression is not uniform but shows differential effects that are tissue-and protein-specific; there is a 'prioritization' of selenoprotein synthesis that is partly influenced by the 3 -UTRs of the different mRNAs. Single-nucleotide polymorphisms in the gene regions corresponding to 3 -UTRs could potentially influence gene regulation. We have discovered a common polymorphism in a part of the glutathione peroxidase 4 gene which corresponds to the 3 -UTR, and our recent results suggest that this single-nucleotide polymorphism has functional and physiological effects, as well as altered frequency in disease.
Introduction
Nutrient-gene interactions can broadly be divided into two categories: first, the influence of nutrients on gene expression patterns and, second, the influence of regulation of gene expression on how cells and tissues metabolize and handle nutrients, and how variation in genotype influences nutrient requirements and susceptibility to disease [1] . Often these interactions are assumed to be between nutrients and gene expression at the DNA level, e.g. how nutrients affect promoter activity and transcription factors. However, the increasing evidence that post-transcriptional mechanisms are critical in gene regulation leads to the conclusion that the study of nutrient-gene interactions must involve consideration of RNA-based gene regulation involving the 5 -and 3 -UTRs (untranslated regions) [1, 2] .
The length of 3 -UTRs shows considerable variation in mammalian mRNAs from 60-80 nt to approx. 4000 nt. The average length in human genes is approx. 740 nt and this is over three times the average length of the 5 -UTR [3] . Interestingly, this 740 nt average length of the 3 -UTR in human genes is greater than that in other mammalian and vertebrate genes (420-500 nt) and in plants and fungi (241-274 nt); this is paralleled by a reduction in the relative length of the 5 -UTR when compared with the 3 -UTR [3] . The relatively long length of 3 -UTRs in human genes suggests that the human genome has evolved to make increased use of post-transcriptional control mechanisms to regulate gene expression. This is part of a growing picture that posttranscriptional mechanisms are critical in gene regulation and clearly there is considerable scope for regulatory motifs within 3 -UTRs. In different mRNAs, 3 -UTRs have been reported to be involved in regulation of mRNA stability, translation and localization.
Recently, we have studied two mechanisms of regulation of gene expression by 3 -UTRs and developed aspects in relation to nutrient-related problems: first, mRNA localization by signals within the 3 -UTR and then manipulation of such signals to study the zinc-binding protein metallothionein; second, the role of 3 -UTR sequences in selenocysteine incorporation into selenoproteins and then studies of the impact of genetic variation within these 3 -UTRs on selenium metabolism.
mRNA localization by 3 -UTR signals
There are well-known mechanisms by which newly synthesized proteins are targeted to their site of function by signal polypeptide sequences. However, in addition, in the past 10 years it has become clear that certain mRNAs are localized to particular subcellular sites and that this mRNA transport and localization produces a spatial organization of the protein synthetic apparatus that can provide local synthesis of proteins close to where they function [4] . There is now evidence that mRNA localization occurs in a range of cell types and organisms from yeast to Drosophila to mammals [5] .
In many cases, mRNA localization occurs in cells with an overt polarized phenotype (e.g. neurons) but it commonly occurs in cells with a much less obvious polarization. Thus, in fibroblasts and myoblasts, certain mRNAs are not distributed throughout the cytoplasm but are localized to specific subcellular sites. For example, β-actin mRNA is transported to the cell periphery under conditions when actin synthesis in this area is increased and disruption of mRNA localization causes impaired β-actin protein distribution and cell motility [6] . In contrast, certain mRNAs are found associated with the cytoskeleton and localized in the perinuclear cytoplasm; this includes mRNAs encoding the nuclear transcription factors c-myc and c-fos, and MT-1 (metallothionein isoform 1) [7] [8] [9] . In almost all cases found to date, including the perinuclear localization of c-myc, c-fos and MT-1 mRNAs, mRNA localization is due to signals within the 3 -UTR.
As with localization of other mRNAs, MT-1 mRNA localization does not require the whole 3 -UTR but only a smaller section. Initial deletion analysis suggested that the region between nt 45 and 86 of the 3 -UTR is required for localization [10] and further deletion and mutagenesis studies [11] have confirmed this. On-going structural studies are exploring the role of sequence motifs and secondary structure in the signal. MT-1 protein is normally cytoplasmic but it has been reported to be nuclear at the G 1 /S transition in the cell cycle and during myoblast differentiation. Its role in the nucleus is not clear although it has been suggested to be involved in zinc transport. Using CHO (Chinese-hamster ovary) cells transfected with different MT-1 constructs, we have shown that disruption of MT-1 mRNA localization is accompanied by de-localization of MT-1 protein distribution, notably a lack of nuclear localization of MT-1 at the G 1 -S transition during the cell cycle [12] . Our hypothesis is that perinuclear localization of mRNAs such as myc, fos and MT-1 is a prerequisite for subsequent efficient nuclear protein import [12] . In addition, clones of cells expressing these different MT-1 constructs such that the level of MT-1 protein is similar have been selected and used for cell viability and cellfunction studies. Cells that do not correctly localize MT-1 mRNA show increased sensitivity to Cd and to oxidative stress, notably increased apoptosis and DNA damage in response to either UV light or H 2 O 2 [13] . These results not only indicate that the perinuclear localization of MT-1 mRNA is functionally important but also suggest that nuclear MT has a protective role against DNA damage. The results from these experiments also illustrate that cells expressing gene constructs with altered 3 -UTR sequences can be useful models to study intracellular trafficking in relation to nutrients. We have recently performed similar experiments with transfected cells expressing CRABP1 (cellular retinoic acid-binding protein 1) and shown that, as with MT-1, its subcellular localization is affected by the 3 -UTR of the mRNA (M. Levadoux-Martin, A. Blackburn, L. Yuqiang and J. Hesketh, unpublished work). This opens up possibilities to use these transfected cells to investigate the role of CRABP1 in intracellular retinoid trafficking.
Selenoprotein synthesis and the 3 -UTR
The micronutrient Se is essential for optimal health in both humans and animals [14] . Severe deficiency is associated with a number of clinical conditions, including a viral-associated myocarditis in China. In addition, new roles have been suggested, particularly in relation to cancer since Se supplementation of populations that are not overtly deficient has been reported to reduce cancer mortality. Thus, marginal, suboptimal Se intake may have health implications and this is of relevance to the U.K. population, where Se intake over the past 25 years has fallen by 30-50%.
Most of the functions of Se have been attributed to its presence, as the amino-acid selenocysteine, in the 20-30 known selenoproteins: these include the glutathione peroxidases, thioredoxin reductases, deiodinases and selenoprotein P. Selenocysteine incorporation occurs during translation using the codon UGA [15] . UGA was originally identified as a stop codon so its use as a codon for selenocysteine requires a recoding and this process uses additional signals within the mRNA itself. In mammalian cells, this recoding involves a specific RNA stem-loop structure SECIS (selenocysteine insertion sequence) in the 3 -UTR of selenoprotein mRNAs and a series of specific protein factors, including SBP2 (SECIS-binding protein 2) [2, [15] [16] [17] .
Reduced Se supply from diet or culture medium causes decreases in the activity of the selenoproteins. However, the effects of Se depletion are not the same for each selenoprotein: expression of some is affected more than others and, e.g. in the liver, in severely Se-deficient rats GPX1 activity and mRNA abundance are both decreased by approx. 90% but GPX4 activity falls by only 75% and the mRNA abundance does not change; on a marginally deficient diet rat liver GPX1 activity is decreased by 80%, deiodinase by 50% and GPX4 by 20% [18] . Similar effects are seen on the glutathione peroxidases in cell culture: Se-depletion decreases H4 hepatoma cell GPX4 activity by 50%, less than that of GPX1 (70%) and this is reflected by a significant decrease in GPX1 mRNA levels (76%) but little change (12%) in levels of GPX4 mRNA [19] . Thus there is essentially a prioritization of the available Se for synthesis of one selenoprotein rather than another. There are also tissue differences in the prioritization such that in different tissues of cell lines of different origin different selenoproteins are affected by Se deficiency to different extents [20] . Thus, in the liver, GPX4 is maintained more than deiodinase during Se deficiency and that more than GPX1, whereas in the thyroid the deiodinase is maintained and in colon and a colonic cell line, the GPX2 is maintained while GPX1 and GPX4 activities are decreased [18, [20] [21] [22] .
The ability to reproduce these effects in cell culture has allowed investigation of the mechanism by which the amount of Se available regulates selenoprotein synthesis. In particular, we have focused on the prioritization of glutathione peroxidases. Inhibition of transcription with actinomycin D followed by measurement of transcript levels can be used to estimate mRNA stability and half-life. Using this approach, the stability of GPX1 and GPX4 mRNAs in hepatoma cells was found to be similar in the presence of ample Se, but in Se-depleted cells the stability of GPX1 was significantly decreased (half-life decreased from 13 to 8 h), whereas that of GPX4 (10 h) was unaffected [19] . Differences in 3 -UTRs appear critical in determining the extent to which different selenoprotein mRNAs are translated. In the presence of optimal Se concentrations, the translational efficiency is influenced by the 3 -UTR, as shown by the effects of exchanging 3 -UTRs. The 3 -UTR also has an influence when Se supply is low. For example, using deiodinase as a reporter, it was shown that in stably transfected cells translation of transcripts in which the 3 -UTR was from GPX1 was more sensitive to Se supply than in those in which the 3 -UTR was from GPX4 [23] . Similarly, using a read-through assay, sensitivity of LacZ transcript translation to Se supply was shown to differ when GPX1 3 -UTR was replaced by that from GPX2 [24] . On the basis of such studies our hypothesis is that under suboptimal Se conditions, the concentration of selenocysteinetRNA is such that its recruitment for selenocysteine insertion into the polypeptide chain of different selenoproteins depends on the ability of 3 -UTR-binding proteins to bind to the different SECIS and form the ribonucleoprotein complex required for recoding of the UGA. Part of this hypothesis is that although all selenoprotein 3 -UTRs contain a SECIS they are sufficiently different to have different protein-binding properties. There is still debate over whether it is the binding of SBP2 that is critical in the prioritization process [17, 25] .
If such relatively small changes in 3 -UTR sequences can influence selenoprotein synthesis and prioritization, and if SNPs (single-nucleotide polymorphisms) occur in regions of selenoprotein genes corresponding to the 3 -UTR, it is possible that such SNPs could influence Se metabolism in humans and produce individual variation in selenoprotein synthesis in response to Se supply. Such SNPs might affect Se requirements.
Analysis of the GPX1 3 -UTR failed to find a SNP, whereas in the TR1 3 -UTR two SNPs were found but in each case one variant was found to be present only at very low frequency [26] . Further, SNPs have been found in the 3 -UTR of the gene encoding the 15 kDa selenoprotein and these were reported to influence SECIS function in cell-culture studies [27] . Amplification of the region of the GPX4 gene corresponding to the 3 -UTR by PCR, followed by sequencing, has shown that in caucasians within the U.K. population, there is a SNP at position 718 [28] . In our original study of 66 individuals, no variation in the sequence corresponding to the SECIS region was found, nor was the predicted SNP (at 738) in the NCBI database. Position 718 is quite close to the predicted SECIS; the SNP is a T/C variation and both allelic variants are common with the distribution in the normal U.K. population being approx. 26-33% CC, 22-24% TT and 42-52% TC ( [28] , and J. Hesketh, M. King, A. Blackbum and A. Qatatsheh, unpublished work). Individuals with the CC genotype exhibited higher levels of lymphocyte 5 -lipoxygenase products [28] , a finding that both supports the hypothesis that GPX4 plays a regulatory role in leukotriene biosynthesis and provides evidence that the SNP is functionally active. On-going studies with cells expressing reporter constructs linked to the two variants of the 3 -UTR are addressing the functionality of this SNP in GPX4 and association studies are investigating if it is related to susceptibility to disease. Overall, the various studies of SNPs in selenoprotein genes highlight the potential functionality and importance of SNPs in gene regions corresponding to 3 -UTRs, and in the case of those with a nutritionrelated function they indicate the potential for nutrient-gene interactions which may influence nutritional requirements and susceptibility to disease.
